The nucleotide sequences of segments of the cytochrome b gene (35 1 bp), the tRNAPro gene (49 bp), and the control region ( -3 13 bp) of mitochondrial DNA were obtained from 26 fish representing different populations and species of ikfelanotaenia and one species of Glossolepis, freshwater rainbow fishes confined to Australia and New Guinea. The purpose was to investigate relative rates and patterns of sequence evolution. Overall levels of divergence were similar for the cytochrome b and tRNA control-region sequences, both ranging from < 1% within subspecies to 15%-19% between genera. However, the patterns of sequence evolution differed. For the cytochrome b gene, transitions consistently exceeded transversions, the bias ranging from 4.2: 1 to 2: 1, depending on the level of sequence divergence. However, in the control-region sequence, a bias toward transitions (2:l) was observed only in comparisons between very similar sequences, and transversions outnumbered transitions in comparisons of divergent sequences. Graphic comparisons suggested that the control region was saturated for transitions at relatively low levels of sequence divergence but accumulated transversions at a greater rate than did the cytochrome b sequence. These distinct patterns of base substitution are associated with differences in A+T content, which is 70% for the tRNA control-region segment versus 50% for cytochrome b. A test for skewness in the distribution of lengths of random trees indicated that both segments contained phylogenetic signal. Parsimony analyses of the data from the two regions, with or without weighting schemes appropriate to the respective patterns of sequence evolution, identified the same five groupings of sequences, but the relationships among the groups differed. However, in most cases the branches uniting different combinations of groups were poorly supported, and the differences among topologies were insignificant. Considering the observed patterns of base substitution and the results of the phylogenetic analyses, we deduce that both the control region and cytochrome b are appropriate for population genetic studies but that the control region is less effective than cytochrome b for resolving relationships among divergent lineages of rainbow fishes.
Introduction
The development of direct sequencing using the polymerase chain reaction (PCR) has led to widespread and rapidly increasing use of mitochondrial DNA ( mtDNA ) sequence information over a broad range of taxonomic levels, from populations to those among phyla. This breadth of applications is made possible by differences in evolutionary rates among different mtDNA genes and among different positions within genes (reviewed by Brown 1985; Kondo et al. 1993) . At the extremes, the genes encoding ribosomal RNA and some proteins evolve relatively slowly, enabling distant comparisons and resolution of deep phylogenetic branches (e.g., see Meyer and Wilson 1990; Ballard et al. 1992) ) whereas sections of the noncoding control region (CR) in vertebrates evolve rapidly and are suitable for resolving relatively recent relationships (e.g., see Edwards 1993) .
The phylogenetic utility of gene sequences has been augmented by considering patterns of nucleotide substitution and weighting characters as appropriate (e.g., see Irwin et al. 199 1; Moritz et al. 1992) . A common observation has been that transitions (TS) greatly outnumber transversions (TV) among closely related mtDNA sequences, the bias often exceeding 10 : 1 (Brown et al. 1982 ). This bias is reduced between more distantly related sequences, presumably because of saturation of TS and obliteration of TS by TV (e.g., see DeSalle et al. 1987) . However, there have been reports of differences among genes in the extent of the bias (Kocher and Wilson 199 1; Pumo et al. 1992) .
Recent studies of poikilothermic vertebrates have revealed differences relative to homeotherms in the dynamics and patterns of mtDNA evolution that could well affect the way in which the molecule is used in systematics. Poikilotherms appear to have a substantially slower rate of nucleotide substitution (Martin and Palumbi 1993) , and the rate of amino acid substitution appears to be slower in salmonids (Thomas and Beckenbach 1989) and other cold-blooded vertebrates (Adachi et al. 1993) . Also, length variation within and around the noncoding region appears to be more common in cold-blooded than in warm blooded vertebrates (reviewed by Moritz et al. 1987) .
Several studies of protein-coding and tRNA sequences in fish mtDNA (Kocher et al. 1989 ; Thomas and Beckenbach 1989; Beckenbach et al. 1990; Digby et al. 1992 ) have reported a strong bias toward TS, as in mammalian sequences. In contrast, there have been several indications that the CR in fish mtDNA may differ from that of mammals, in having less of a TS bias or in having a substitution rate similar to that of protein-coding regions (Johansen et al. 1990; Bernatchez et al. 1992; Fajen and Breden 1992; Shedlock et al. 1992 ; but see Sturmbauer and Meyer 1992) . However, none of these studies included matched comparisons of protein-coding versus CR sequences over a range of divergences sufficiently wide to allow a proper comparison of the dynamics of sequence evolution. The present study aims to redress this omission by comparing cytochrome b (cytb) and CR sequences from different populations and species of rainbow fishes of the genus Melanotaenia.
The family Melanotaeniidae consists of eight genera, some termed "rainbow fishes," including the genus Melanotaenia, which contains 32 species or subspecies that are confined to New Guinea and Australia (Allen 1989) . Much recent research has been done on morphological classification in Melanotaenia (Allen and Cross 1982; Crowley et al. 1986; Allen 1989) . However, there is both considerable between-species overlap in morphometric characters and some uncertainty about species boundaries. We have sampled fish of the genus A4elanotaenia from different taxonomic levels and from widely separated geographic areas, to provide a broad spectrum of mtDNA divergences. This sampling design assumes that the taxonomic hierarchy is roughly correlated with evolutionary divergence but not that current species boundaries or species groupings are necessarily accurate.
Material and Methods

Sample Collection
Fish samples were collected from Queensland, Western Australia, South Australia, the Northern Territory, and Papua New Guinea. The localities are listed in the legend to figure 1. For the same species, different sampling locations were selected. Some individuals were obtained from captive stocks where wild-caught material was not available. Where possible, two individuals of each taxon were used for analysis, according to the principle that it is desirable to replicate at the level below that of interest (Smouse et al. 199 1) . The keys and descriptions of Allen and Cross ( 1982) were used to identify the specimens, with the aid of fish taxonomists (see Acknowledgments ) .
DNA Extraction
In the initial stages, mtDNA was extracted and purified from some specimens by ultracentrifugation (Dowling et al. 1990 ). For routine PCR amplifications, crude preparations of DNA were obtained from 1 mg of fresh or frozen muscle tissue by lysing cells in the presence of 500 ~1 5% Chelex (Bio-Rad) at 56°C overnight. Samples were then heated at 95"C-100°C for 15 min, vortexed, and briefly centrifuged; 2 ul of supernatant was used per 12.5-~1 PCR reaction.
PCR Amplification and Sequencing
All sequences were obtained by direct sequencing of PCR products either by the asymmetric method (Gyllensten and Erlich 1988) or by cycle sequencing using the BRL Thermal Cycle Dideoxy DNA Sequencing Kit. Primers were designed from preliminary rainbow fish sequences obtained using "universal" primers (Kocher et al. 1989) . For the cytb region the primers designed for rainbow fishes were L 14859, 5'-AA- CTTTGGCTCCCTACTTGG-3'; and H 15322, 5 '-GTGGAKGATAAGRARGTGCT-3 '; for the tRNA pro gene+CR we used L 15957, S'TTAAATTCCCT-CCTAATGCTATC-3 '; and H 16449, 5'-CACGATA-TTTGTCCCTGACC-3 ' ( "L" and "H" refer to the light and heavy strands, respectively, and the number refers to the position of the 3' base in human mtDNA sequence [Anderson et al. 198 l] ; K=%G+%T; and R=%A+%G).
Sequences were obtained via asymmetric amplification as described by Moritz et al. ( 1992) , with annealing at 52°C for 1 min and extension at 72°C for 1 min. Negative controls were always included. For cycle sequencing the product from a 25-~1 PCR reaction was gel-purified with the Prep-A-Gene DNA Purification Kit (Bio-Rad) to remove unincorporated primers and dNTPs. About 20 ng of PCR product was sequenced from both directions by using the BRL cycle sequencing kit with primers end-labeled with ( y33P-dATP) by polynucleotide kinase. Except for a few light-strand sequences obtained by asymmetric amplification, sequences were determined in both directions. 
Sequence Alignment and Analysis
The cytb sequences were aligned, by eye, with published sequences from cichlids ) and sturgeon (Brown et al. 1989 ). The CR sequences were aligned using Clustal V with various input orders, a gap penalty of 10, and TV weighted over TS by 2 : 1. Changing the input order did not affect the alignment produced. The resulting alignments were inspected and adjusted manually to improve local matches. Regions that remained ambiguous were excluded from analysis (see below). Observed numbers of nucleotide substitutions, TS, and TV were compiled using "Macsequence," a program in BASIC written by D. Good. Sequence divergences were calculated using the Kimura two-parameter model provided in Clustal V. Phylogenetic relationships were estimated using PAUP (version 3.0s; Swofford 199 1) and the neighbor-joining method in PHYLIP. MacClade 3.0 (Maddison and Maddison 1992 ) was used to explore tree lengths of alternative topologies.
Results
Sequence Alignment and Divergence
Sequences were obtained from two regions of the mtDNA molecule: ( 1) a 35 1 -bp segment of the 5 ' end of the cytb gene ( fig. 1 ) and (2) a continuous sequence comprising the 3' 49 bp of the proline transfer RNA ( tRNAPro) gene and the following 3 13 bp of the noncoding CR ( fig. 2 ). For the cytb sequence, 94 of the 35 1 positions were variable among the 26 different sequences, with 76 positions being informative for parsimony analysis. Most (85 of 94) substitutions occurred in thirdbase codon positions, the remainder being in the first codon position. Only three replacement substitutions were observed. There were no deletions or insertions, and all sequences could be translated according to the standard vertebrate mtDNA code. The average A+T content was 53% overall and 50% in the third codon position. As in other vertebrates ( Brown 1985 ) , the proportion of G at the third codon position, 5%, was very low. ...... In contrast to the cytb gene, the CR and tRNAPro region showed a strong bias in base content, with 70% A+T. Comparisons of the alignments produced with different gap penalties and substitution weighting identified two areas of ambiguity of alignment in the CR close to the tRNA Pro gene (shown in boldface in fig. 2 ); these were excluded from further analyses. Numerous deletions or insertions, of l-40 bp, were observed both within and between genera. The largest deletion, of 40 bp, was shared by three mtDNAs, two from Melanotaenia splendida herbertaxelrodi and the other from AL trifasciata. Considering just base substitutions, 115 of the 3 13 CR positions varied with 89 informative sites. The proportion of variable sites in the CR sequence ( 115 / 3 13 ) is bigger than that in the cytb sequence (94/35 1).
Estimates of sequence divergence by using the Kimura two-parameter model for the cytb segment were O.O%-2 1.8%. Within Melanotaenia, the maximum value was 17.9%, with broad overlap between the ranges of values for putative interspecific and intersubspecific comparisons. The highest sequence divergence within genera occurred between the wild-caught New Guinea species M. afinis and the other Melanotaenia. The values were 12.5%-17.7%, well within the range of sequence variation at the genus level. Divergences among the CR sequences were broadly similar to those of cytb. A graphic comparison of pairwise observed sequence divergences ( fig. 3) indicates that, overall, the CR sequence is not diverging faster than the cytb gene. However, considering just the more closely related sequences, i.e., those within cytb divergences of <5%, the CR segment is evolving at -1.4 times the rate for cytb ( fig. 3 ) .
Patterns of Sequence Evolution
Inspection of the rates of transition versus transversion revealed a marked difference between the cytb and the CR sequences. For cytb, TS outnumbered TV at all levels of divergence, with values ranging from 4.2 : 1, between the most similar sequences, to 2.3 : 1, between the most divergent sequences (table 1). For the CR sequence, TS outnumbered TV in comparisons between closely related mtDNAs (as measured by cytb divergence), but between the more divergent sequences, TV were as common as or outnumbered TS (table 1). For these divergent comparisons, the CR TV also outnumbered cytb TV, by as much as 2 : 1, despite the two regions having similar levels of sequence divergence overall (table 1).
A plot of the percentage of TS against the percentage of TV, for all pairwise comparisons of cytb and the CR sequences ( fig. 4) , provides another perspective on these divergent patterns of sequence evolution. For the cytb sequence there is an approximately linear relationship between numbers of TS and TV, with a bias toward TS. In contrast, the CR sequence shows a nonlinear relationship such that TS appear to plateau at -5%-8% as TV accumulate. This, together with the greater number of TV between divergent CR sequences (table 1 and fig.  4 ), suggests that TS are saturating at a low level of divergence in the CR, whereas for cytb they continue to accrue.
Phylogenetic Analysis
Skewness of tree-length distributions, as a measure of information content (Hillis and Hulsenbeck 1992) , was tested by generating 10,000 random trees. Both data sets produced significantly skewed distributions of random trees, with the cytb having a stronger skew (gl = -0.32; P~0.0 1) and thus greater information content than the CR region (gi = -0.24; PcO.0 1). Combining the two sets of data increased the skewness (gi = -0.496; P<O.O 1; fig. 5 ) and therefore the apparent information content of the data. We used parsimony methods in PAUP, with and without character weighting, for phylogenetic analysis. Regions of the CR sequences for which alignments were uncertain were excluded from the data matrix. For unweighted characters, heuristic searches produced 16 shortest trees for the cytb sequence, 83 shortest trees for the CR, and 11 shortest trees for the combined data ( fig.  6 ). All analyses identified the same five groupings of mtDNAs, as shown in figure .g., see fig. 7 ) . All analyses put group E as the sister lineage to groups A-D, but the relation- The robustness of the branches-evaluated by bootstrapping with the membership of the groups (but not the relationship of the groups) constrained-was low, except for the branches uniting A-D to the exclusion of E.
Given ( 1) the consistent bias toward TS observed between similar sequences and ( 2) the apparent saturation of TS between even moderately divergent CR sequences, distinct weighting schemes were applied for further parsimony analyses. For cytb, TV were weighted 10 times relative to TS, whereas for the CR sequence, only TV were used. The number of shortest trees decreased to three for cytb and two for CR. The same five groupings (A-E) were present in each case, but the relationships among them again differed ( fig. 6 , I-2 and 11-2). Combining the two data sets with their respective weighting schemes-i.e., 10 : 1 weighting of TV over TS for cytb and 10 : 0 weighting for the CR sequencesproduced three shortest trees ( fig. 6, 111-2) . As was the case for the unweighted analyses, the bootstrap values were generally low, except for that defining the A-D group in the combined analysis.
Neighbor-joining methods were also used to examine the phylogenetic relationships. The same five groupings were found by either the Jukes-Cantor or the Kimura weighting (TS : TV= 10 : 1) model, for the combined data set. Both the Jukes-Cantor and the Kimura weighting models revealed the same phylogenetic relationships among groups as was found in PAUP analyses of the combined data set under different weighting schemes ( fig. 6, 111-2) .
Although the consensus topologies appeared to differ between sequences and between unweighted and weighted analyses, the numbers of characters defining the relationships among groups were often low, as were the corresponding bootstrap values (figs. 6 and 7). The only branch that appeared consistent and moderately robust was that uniting the A-D groups to the exclusion of E. To further explore the differences between these topologies, the tree lengths were compared among the data sets, with and without weighting. The results (table 2) indicate that very little separates the alternative arrangements of groups A-D in each of the data sets. The exception is that the relationship between A4 afinis and group E (trees II-1 and 11-2)) suggested by the CR data, appears strongly incompatible with the cytb data. Comparing the distributions of characters between the alternative topologies and the shortest tree for each type of data showed that the cytb data set, especially when weighted, was better able to discriminate than was the CR data set.
Discussion
Levels of Sequence Variation in Relation to Current Taxonomy
The levels of sequence divergence seen for the cytb and CR sequences in the rainbow fishes are within the ranges observed for some other genera of fish (e.g., Tropheus, d 15%; Sturmbauer and Meyer 1992) , although they are higher than in most studies (e.g., see Bernatchez et al. 1992) . A crude hierarchy is apparent in relation to the existing taxonomy. Fish from different populations of the same subspecies (Melanotaenia splendida splen- dida) have ~4% divergence for each sequence; fish of different genera (i.e., Melanotaenia vs. Glossolepis) have divergences of > 17%; and fish of different putative subspecies-or of different species within genera-typically have intermediate values. However, there is broad overlap between the ranges of divergence for comparisons between subspecies and those between species of Melanotaenia, and M. afinis is as different from other Melanotaenia as is Glossolepis. This could reflect either errors in the current taxonomy, or sorting of ancestral polymorphisms among closely related species (Neigel and Avise 1986 ) , or both.
The above situation is further complicated by anomalies such as the polyphyly of mtDNAs from M. s. australis, fish from Western Australia having mtDNAs closely related to those from M. eachamensis, whereas M. s. australis from the Northern Territory have mtDNAs very similar to those from M. exquisita from the same locality. Given that hybridization between different species of rainbow fishes is commonplace in captivity (Allen and Cross 1982) , it is likely that the extraordinary divergence within M. s. australis is due to introgression from M. exquisita. However, the close relationship of M. s. australis and M. eachamensis, in terms of mtDNA, warrants further study.
The biological and systematic implications of these patterns will be dealt with elsewhere. The important observation here is that our sampling of mtDNAs across a range of taxonomic levels has produced a set of comparisons spanning a broad range of sequence divergences within the range typically used in population genetic and phylogenetic studies. This provides the raw material for evaluating and contrasting patterns of sequence divergence.
Comparison of Patterns of Sequence Divergence
Previous studies of mtDNA sequences from fish species have revealed conflicting patterns of base sub- stitution. The bias toward TS appeared to be weak relative to that in mammals (typically, > 10 : 1; e.g., see Brown et al. 1982) in the CRs of guppy (3 : 1; Fajen and Breden 1992 ) and various salmonid species ( 3 : 1; Bernatchez et al. 1992; Shedlock et al. 1992 ) and for cytb of the prickly shark ( Bernardi and Powers 1992) . Further, the data for salmonids suggested that most of the CR evolves at about the average rate for the genome (Bernatchez et al. 1992; Shedlock et al. 1992 ). However, strong biases toward TS were observed in studies of African cichlids (Sturmbauer and Meyer 1992) and sturgeon (Brown et al. 1993 ) , and the former also showed more rapid evolution in the CR than in cytb.
The patterns observed for rainbow fishes may help to explain these contradictions, in that the most similar CR sequences show a bias toward TS, whereas sequences from more divergent mtDNAs have more TV than TS. The overall levels of sequence divergence (corrected for multiple hits, by the Kimura two-parameter model) in cytb and the CR are similar at all levels of divergence. NOTE.
-The values underlined represent the shortest trees for each data set, and the percentages are the proportional increase, in tree length, over the shortest tree.
a Trees that are significantly poorer explanations of a data set than is its shortest tree (determined using the compare tree option in Ma&Jade and x2 analysis); the tree length differences between I-l and III-2 are due to the fine structure within the groups A-E.
However, between the more divergent sequences, there were up to twice as many TV in the CR. If TV are accumulating linearly, as appears to be the case in most comparisons of vertebrate mtDNAs (Miyamoto et al. 1989; Irwin et al. 199 1 ), these observations suggest that the CR does have a higher evolutionary rate, but that this is masked by saturation of TS in the CR, at an unusually low level of sequence divergence.
A low "ceiling" of sequence divergence and an excess of TV due to saturation of TS has also been reported for Drosophila mtDNA and attributed to high A+T content ( Wolstenholme and Clary 1985; DeSalle et al. 1987; Tamura 1992) . Closely related mtDNAs from Drosophila showed a bias toward TS and rapid evolution, but the TS were saturated at -8% sequence divergence ( DeSalle et al. 1987) . In rainbow fishes, the CR has a strong bias toward A+T ( 70% ) , whereas cytb has -50% A+T in all codon positions, suggesting that apparent saturation of TS at low levels of sequence divergence in the CR is due to biased base content, as in insects (see also Crozier and Crozier 1992; Monforte et al. 1993) . The same effect of compositional constraint on base substitution may operate' in the salmonid CR, as the regions where the substitutions are concentrated also tend to be A+T rich (Shedlock et al. 1992) . information due to homoplasy (Swofford and Olsen 1990) . In this context, the apparent saturation of TS in the CR is expected to reduce the informativeness of this region, especially for resolving deeper relationships. In contrast, no such saturation was evident for cytb, although in wider intergeneric comparisons the third-base codon positions do saturate for TS (D. Zhu, unpublished data) . From these observations we would expect that the cytb sequence is better able to resolve deep relationships than is the CR and that weighting should improve resolution in both cases.
Implications for Molecular Systematic Studies of Rainbow Fishes
In fact, the same five groups were recognized in all analyses, but none was able to clearly resolve the relationships among the groups, other than to indicate that the samples from M. trifasciata and M. s. herbertaxelrodi (group E) were consistently the most divergent. Combining the sequences from the two regions resulted in a slight increase in the stability of some branches, as revealed by bootstrapping, but may be suspect because of the heterogeneity in patterns of base substitution (Bull et al. 1993 ). These observations suggest that mtDNA sequence analysis is effective at identifying robust groupings within Melanotaenia, itself a useful contribution, but that it will be difficult to obtain a fully resolved picture of the relationships among the species groups.
